Objectives-The purpose of this study was to conduct a systematic review of the evidence of educational outcomes associated with teaching ultrasonography (US) to medical students.
U ltrasonography (US) is a versatile and essential tool within the field of medicine. It has long been used in certain specialties, such as radiology, obstetrics/gynecology, and cardiology. Due to recent technological advancements, making the device smaller and more portable, [1] [2] [3] its use has become increasingly prominent in recent years. 4 It is now used in some fashion by most specialties, and in graduate medical education, performing a US examination is now a routine expectation in the fields of emergency medicine, [5] [6] [7] surgical critical care, 8 diagnostic radiology, 9 pulmonology, 10 and gynecology. 11 Indeed, in 2000, the American Medical Association confirmed that physician-performed US is within the scope of practice of appropriately trained physicians and recommend that training and education standards be developed by individual medical specialties.
Ultrasonography can be used as a procedural guide or a powerful diagnostic tool. It has been shown that using US guidance during common procedures, such as central venous catheterization, 13 arterial catheterization, 14 and lumbar punctures, 15 can decrease complications and improve patient safety. Its diagnostic uses have become standard in the approach to patients with trauma. 16, 17 Bedside US can rapidly diagnose lifethreatening conditions 18 and decrease a patient's length of stay. 19 Point-of-care US has become so versatile that emergency physicians are trained in at least 11 core and up to 7 advanced diagnostic applications. 7 In addition to its diagnostic capabilities in clinical settings, US has the potential to reinforce concepts in the preclinical educational setting. In anatomy, US can reinforce understanding of 3-dimensional anatomic relationships. In physiology, US provides real-time dynamic visualization of concepts in teaching cardiac, pulmonary, and vascular topics. It can be readily integrated into other topics in pathophysiology courses.
In light of its clinical and education utility, it is reasonable to expect that US would be taught during medical school. Some national and international bodies have proposed curricula for medical students, including the American Institute of Ultrasound in Medicine 20 and the European Federation of Societies for Ultrasound in Medicine and Biology. 21 In addition, several schools have described integrated US into undergraduate medical education. [22] [23] [24] [25] [26] Although these integrated curricula exist, there is no requirement for a US curriculum in undergraduate medical education.
Not surprisingly, the amount of US education in medical school is highly variable. 27, 28 In a recent survey of allopathic medical school deans of education and curriculum design, 51 of 82 respondents (62%) reported that US training was integrated into their curricula, but 79% reported that US should be part of undergraduate medical education. The most common barriers identified included lack of finances and time in the curriculum. Despite these findings, medical students have clearly expressed an interest in receiving more US training. 29 Incorporating US into undergraduate medical education seems on the surface to be a worthwhile goal. Some of its proposed benefits include better understanding of anatomic relationships and physiologic concepts, improved diagnostic and physical examination skills, and safer procedural guidance. 25 It is not universally accepted, though, that every medical student should have access to a US machine from day 1 of medical school. There is a fear of misdiagnosis (and overdiagnosis or underdiagnosis) when medical students are taught early in their training to use US in their patient evaluations. Also, medical students may become better trained and more confident with US than some of their supervisors, which would disrupt the typical hierarchical approach to medical education. 26 Given these concerns and the potential benefits for US to be incorporated into undergraduate medical education, we sought to systematically review the topic. The review question was "What quantitative outcomes are associated with the introduction of US training to medical students using any research study method?"
Materials and Methods
This study conformed with the Preferred Reporting for Systematic Reviews and Meta Analyses guideline, which is composed of a 27-item checklist and 4-phase flow diagram to assist authors with standardized guidelines for systematic reviews and meta-analyses. This method was conducted in 2005, designed to help authors with their reporting data for a systematic review and meta-analysis. 30 No human participants were involved, so no ethical approval was sought.
Search Techniques
The authors conducted a thorough and systematic literature search of English-language articles published on US in medical education until the end of year 2016 (exact search dates in online Supplement 1) using Ovid MED-LINE, Ovid MEDLINE Daily, e-pub ahead of print, inprocess and other nonindexed citations; Educational Resource Information Collection; Healthcare and Psychosocial Instruments; and Scopus databases. For the searches, we selected medical subject headings (MeSH) and key words to capture the concepts of US and medical students or medical education. The databases were used to remove duplicates, and the results were manually downloaded and exported to word-processing software. Full details of the search are available in online Supplement 1.
All titles and abstracts were independently reviewed for possible inclusion by teams of 2 trained reviewers (J.J.D., C.W., and J.P.). Before to beginning the review, all of these team members met to discuss inclusion criteria and agreed to err on the side of inclusion. A sample of 100 titles and abstracts was also reviewed by all 3 reviewers to ensure a shared understanding of inclusion criteria. After this process, each title and abstract were reviewed by 2 of the 3 reviewers, with each reviewer blinded to the other reviewer's selection. If either reviewer selected a reference, the full text was ordered for further review. By this strategy, 457 articles were selected for further review. Teams of 2 reviewers (J.J.D., C.W., and J.P.) again reviewed these full-text articles and selected articles for inclusion. Any discrepancies or questions on inclusion were minor and were resolved by a consensus meeting of the 3 reviewers and consultation with 2 independent senior authors (A.K.A. and J.M.F.). The reference sections of all included articles were checked for additional potentially relevant articles ( Figure 1 ).
An abstraction form was developed by senior authors (J.J.D., J.M.F., and A.K.A.) using an iterative process and sample included articles. The abstraction form was designed to systematically collect and categorize relevant information from included articles to help with synthesis and included the following fields: author name, year of publication, location, sample size, year of medical school, type of US, how US was incorporated, education description, who taught, who was scanned, cost, time, outcome categories, results, and free-text comments.
This abstraction form was then used by 2 of 3 independent abstractors (J.J.D., C.W., and J.P.) to abstract relevant information from the articles. Thus, every abstractor reviewed their assigned articles without discussion from other abstractors, and every article was reviewed by 2 reviewers. The entire team then met to combine the independent abstraction forms into a single form and resolve any disagreements via consensus.
Inclusion and Exclusion Criteria
Articles meeting the following criteria were eligible for review: research of any type, involved teaching US to at least 5 medical students, English language, and addressed our research question: "What quantitative outcomes are associated with the introduction of US training to medical students using any research study method?". There was no date restriction. Exclusion criteria included no data or descriptive only, case reports or fewer than 5 students, therapeutic US, students outside the medical (MD or DO) field, focused on graduate medical education, medical student data not separated, and non-peer-reviewed publications (reviews, abstracts, newsletters, and editorials). Articles only on how to teach US to medical students were specifically excluded, as that was beyond the scope of this review and did not address our question.
Quality Assessment
Two trained reviewers used the Medical Education Research Study Quality Index 31 to evaluate the quality of the studies. This tool has been previously published and has validity evidence supporting its use in studies on medical education. 31 The tool has 18 points in 6 domains: study design, sampling, data type, validity, analysis, and outcomes. As recommended by the original developers, a score was adjusted by taking total earned points of total relevant points possible and standardized to a denominator of 18.
Analysis
No formal meta-analysis was planned, as we did not anticipate sufficient studies of consistent design and quality. Therefore, all data reported are unweighted and directly from the included studies. On the basis of our abstraction form development, we decided to stratify the analysis in several ways: by course type, by who taught the course, by procedural versus diagnostic US, by cost, by length of the course, and by type of outcome. Outcomes were categorized by 2 frameworks. The first was external-versus-US outcomes. External outcomes were not related to US, per se, and included examinations on other subject matters (such as anatomy), performance on non-US clinical rotations, physical examination skills, and performance on national examinations. Ultrasonographic outcomes were outcomes related to US. These US-specific outcomes were further subdivided into knowledge (eg, written or online examination), skills (eg, US acquisition, observed simulated clinical encounters [OSCEs] , and diagnostic accuracy), and attitudes (eg, perception, satisfaction, and confidence). Within this framework and where appropriate (ie, the study had a control or preintervention comparison), reviewers rated outcomes as positive, negative, or neutral. Outcomes without control groups such as results of posttestonly studies, procedural time, and others with no appreciable weight or value (ie, increased specialty interest) were not rated. A true control group was either a group assigned to no training, a different type of training, or a pretest/posttest group. FAST indicates focused assessment with sonography for trauma. 
Results
The initial search strategy yielded 6108 articles (6936 including both within-and between-database duplicates; Figure 1 ). The initial title review identified 457 potentially relevant articles, which were ordered for fulltext review. On review of these articles, 93 unique articles met all inclusion and no exclusion criteria. A reference check of the included articles identified 2 new relevant articles to include, 53, 88 which left a total of 95 articles included in this review (online Supplement 2), with a total of 10,222 students exposed to US. A summary of basic characteristics of the studies is provided in Table 1 .
Education
Of the included studies, most described didactic (68% [ . Thirty-four studies reported using some form of simulation: 10 (13%) used standardized patients; 21 (27%) used a phantom or simulator models; 5 (6%) used cadavers, and 1 (1%) used an animal model. Of those using simulation or phantom models, 38% (8 of 21) reported making their models at their institution.
Outcomes
Many studies lacked a control or preintervention group in all outcomes measured (eg, only did a postintervention survey or test; 38% [36 of 95] 
Note that some studies had more than 1 outcome, and some totals may equal greater than 100%. (Table 3) . One study assessed the number of US scans performed in the emergency department, 66 and 1 study assessed the use of US during residency. 104 Attitudes about US were the most frequently assessed outcome (71% [67 of 95]; Table 4 ), although 64% (43 of 67) only used a posttest group with no control. Perceived US knowledge was improved in 5 studies that reported it (100% [5 of 5]), and perceived US skill (confidence, ease, and comfort) (Online supplement 3) was improved in 21 of 23 studies (91%) that reported it (Table 4) . Improvements in perceived anatomy knowledge or physical examination skill showed mixed results (Table 4 ). In the posttest-only surveys, 83% to 100% of students agreed that US should be part of medical education; 80% to 96% agreed that US should be introduced in preclinical years; 80% to 100% agreed that US should be part of anatomy teaching; 69% to 94% thought that it should be part of physical examination teaching; and 83% to 100% reported wanting more US or motivation to pursue it in the future. Also, in posttestonly studies, 48.7% to 100% of students reported improved anatomy knowledge or understanding; 70.5% to 96% reported improved physiology knowledge or understanding; 81% to 88% reported improved physical examination skills, and 74% to 100% reported improved US knowledge, skills, or confidence.
Several studies also assessed retention at various time points: Amini et al 36 showed that the written assessment score remained the same after 3 months; Dinh et al 57 showed a decrease in US skill via an OSCE at 1 year, but still better than untrained medical students; Jeppesen and Bahner 84 showed that students retained 92% of their US knowledge at 2 months; Oveland et al 101 showed that at 6 months, sensitivity and specificity remained 100%, but the time to complete the lung examination for pneumothorax on a pig model increased from 168 to 222 seconds; Reed et al 106 showed no significant decrease in procedural intravenous skill after 1 to 9 months; Shokoohi et al 111 showed that with practice over 1 year, students improved their focused assessment with sonography for trauma examination accuracy as evaluated by a faculty preceptor; Steinmetz et al 112 showed that 91% of students retained their ability to correctly perform a US examination for dyspnea; and Vitto et al 121 showed that 86% of students were still able to successfully place a US-guided intravenous line at 6 weeks, but this finding was not statistically different from that for those trained without US.
Fourteen studies (15% [14 of 95] ) assessed 26 external outcomes (Table 2) , most commonly in physical examination skill (n 5 15: 6 positive, 1 negative, 4 neutral, and 4 unclear), anatomy knowledge (n 5 8: 3 positive, 1 negative, 3 neutral, and 1 unclear), clerkship or specialty examination scores (n 5 2: both neutral), and cardiac physiology knowledge (n 5 1: positive). In studies with a true control group, studies demonstrated an improved ability to identify the femoral artery and no difference in the ability to identify the femoral vein 33 ; no difference in a breast examination or surgery clerkship examination for students exposed to a breast workshop including US training compared to those who were not exposed 41 ; improved accuracy of liver size measurement compared to traditional physical examination teaching 43 ; improvement in cardiac physiologic examination questions compared to filler (placebo) questions for those exposed to US 45 ; improvement in "outstanding" scores and a decrease in "needs improvement" scores on a physical examination OSCE (specifically on blood pressure, an abdominal examination, and professionalism) for those exposed to US compared to those who were not 56 ; improvement in liver size measurement, identification of the lower limit of the lung, and thyroid palpation for those exposed to US compared to those who were not 65 ; no difference between US, arthroscopy, and control groups for anatomy examination scores 69 ; improvement in the anatomy score compared to historic controls 83 ; a decreased anatomy examination score and no difference in an anatomy OSCE or trauma/orthopedic OSCE compared to an arthroscopy group 85 ; no correlation between the US OSCE score and physical examination OSCE score 99 ; and a decrease in the gastrointestinal portion of a physical examination OSCE. 117 In addition, Prats et al 104 did a survey of graduates and found that those with advanced US exposure had increased confidence and perceived competence in US, increased clinical use of US after graduation, and increased US training after graduation. Most of the graduates of the advanced US course, though, went into specialties in which they used US regularly, such emergency medicine and diagnostic radiology.
In the studies included, US was most often taught as a separate course for which students volunteered (34% [32 of 95] ). The most common courses to which it served as an adjunct to included anatomy (24% [ Table 2 ). Of the studies performed in the United States that reported their students' level of training, 42% (21 of 50) were focused on year 1 and 2 medical students; 46% (23 of 50) were focused on year 3 and 4 medical students; and 12% (6 of 50) described using students or their international equivalents from all 4 years of medical school or a longitudinal integrated curriculum (Table 2) .
A large variety of types of US studies were taught to students and often more than 1 type at a time ( Table 1) . The most common were cardiac (34% [31 of 95] ), abdominal (32% [29 of 95] ), and focused assessment with sonography for trauma (26% [24 of 95] ). Other common ones included abdominal aortic aneurysm, musculoskeletal, pulmonary, vascular, obstetric/pelvic, procedural, renal, genitourinary, and ocular (Table 1 ).
Cost and Resources
No studies reported exact cost of implementing the course or program. Ault et al 41 reported that their whole-breast examination workshop cost about $39 per student. Costs of homemade phantoms were reported as $100, 40 100 Euros, 50 and $200 to $400. 54 Torres et al 120 reported using "very few resources," and several articles noted that US itself was low cost or relatively inexpensive, 42, 53, 55, 68, 73, 80, 92, 100, 110, 114, 118 but others reported their implementation as resource intensive or as cost being a potential issue. 67, 70, 71, 80, 101, 107, 115, 117 The specific cost of machines was mentioned in 2 articles, 55, 76 with some reporting using existing machines, 90, 91 some reporting industry donations, 68 1 suggesting the use of lower-cost portable machines, 76 and some reporting internal funding to purchase machines. 67, 122 [39 of 95] ), but some sample sizes were quite large, up to 875 over 3 years 95 or 348 in a single year. 87 Validity evidence for tools was rare (42% [40 of 95] ), with content validity evidence (eg, developed by an expert ["face validity"]) only being most common (50% [20 of 40] ). Preintervention/postintervention and postintervention tests were common designs (75% [71 of 95] ). A funnel plot could not be completed because of study heterogeneity.
Discussion
This study identified 95 studies with outcomes of introducing medical students to US. Most of the studies were of low quality (median quality score, 11 of 18). There appeared to be ample survey evidence among the studies; however, studies of US knowledge and skill improvement were less common. Studies with outcomes of non-US knowledge and skill were even more rare and showed mixed outcomes.
Although generally low quality, many studies have shown that students enjoy US courses, think it should be in the medical school curriculum, and think it can be taught to preclinical students, especially in anatomy and physical examination courses. After US courses, students generally perceive increased confidence in their ability to perform US, increases in perceived anatomy knowledge, perceived physiology knowledge, and increases in physical examination abilities. In general, the overwhelming conclusion is that most medical students enjoy exposure to US and think it is helpful. There is really no need to continue to address these outcomes with students who are exposed to US courses. There have been no studies that show that US improves overall medical school performance, United States Medical Licensing Examination scores, or later success in residency, but nor has any other single aspect of medical school education. The complexity and variability of the medical school curricula make isolating a single intervention in a research study to improve future outcomes elusive. This factor has become even more difficult, given the substantial number of schools undergoing curriculum redesign in recent years.
In addition to enjoying US, medical students can be taught basic US. With a few exceptions, most studies with a control or preintervention group showed improved US knowledge, skills in acquisition and interpretation, and procedural skills when students were specifically taught US. This finding should not be a surprise, as medical students are a selected group of eager and talented learners that are being trained to undertake a complex profession. Only 8 studies looked at retention over time, though. They mostly showed a small decrease over time. Due to the limited number of studies, it is still unclear how much reinforcement medical students need to retain their US skill. Indeed, different amounts of reinforcement may be needed for different types of US. One study did show that with continued practice and feedback, accuracy can improve. 111 This need for practice to retain skills is consistent with other skills for medical students [127] [128] [129] and studies of US in other populations. 130, 131 The ideal time and place for US in undergraduate medical education remains unknown. These aspects were highly variable in our systematic review. Perhaps the most needed areas of research for US in medical students is its effect on external knowledge and skills and system investment. A large debate exists currently about whether US is a fundamental skill for all physicians that should be taught in medical school. Ultrasonography as the "stethoscope of the future" is quite controversial. 25 A better understanding of where and how US training affects other aspects of medical education will be important. The few studies on external outcomes included here showed mixed results. Obviously, more research on the topic is needed, but it appears that US training probably has little effect on actual anatomy knowledge or physical examination skill, but it also does not take away from it.
Indeed, Jamniczky et al 83 showed that the cognitive load of US affects the perception of the utility of US as an aid to teach physical examination but not anatomy, and another study 82 showed that there was no difference in anatomy examination outcomes. Other studies have had differing results, though. Knobe et al 85 showed a difference in examination scores favoring arthroscopy over US and even a control group over US. Finn et al 63 showed no difference between students taught with a cadaver versus US. Given these findings, it appears at this time that US may be a good adjunct to anatomy teaching but not a replacement for other modalities.
Lack of time in the curriculum and lack of financial support are the 2 most common barriers to US adoption in medical school. 27 The cost of US machines and transducers has decreased substantially in recent years and is less than for other imaging modalities, although they are far from minimal investments. Borrowing existing US machines or seeking industry support may help. Faculty time can also be an issue. Studies in this evaluation used peer-assisted learning and flipped classroom (a blended learning method that involves instructional content delivered before classroom time) models to reduce the faculty time devoted to teaching US to medical students. Hands-on sessions in small groups were the most common face-to-face methods of teaching, and valuable faculty time should be devoted to this modality. One of the biggest barriers that seems to lack a solution is the lack of time in the already full medical school curriculum for new material, especially material that is not directly relevant to board examinations or residency matching. Medical school has remained a 4-year curriculum for decades. Some schools are considering even shortening it to 3 years. Adding US to the medical school curriculum would involve cutting out some other subject or experience and determining the relative value of US versus these other courses and experiences is an area ripe for future research.
This review had several limitations. First, there was always the potential of failing to identify potentially germane articles. We attempted to mitigate this factor by searching multiple databases, establishing an a priori protocol for search and inclusion, and using multiple independent reviewers. Second, the heterogeneity between and poor methodological quality (self-selection bias and lack of control groups) of many of the included studies precluded a meta-analysis and limits the conclusions that can be drawn. Finally, a large number of studies included biased samples (ie, volunteers or self-selected students for rotations), which means that responses, especially those without adequate control groups and to subjective outcomes, could have been biased toward the positive.
In conclusion, 95 studies that assessed outcomes associated with teaching US to medical students were identified. Many were of low quality and lacked a control group. Students generally have a positive rating of US in undergraduate medical education, including in preclinical years, and they can learn basic US knowledge and skills in relatively short courses. Studies suggest that continued practice will be needed for skill retention. Educators and curriculum committees should continue to use expert opinions in determining the optimal flow and timing of US in medical education, as high-quality outcome-based data remain elusive. Student perceptions (as an outcome) favor an increased use of US where possible. Further research should focus less on student perceptions and the ability to learn US and instead focus on determining where US best fits in the undergraduate curriculum to optimize student and patient outcomes.
